Abstract. Active vitamin D is closely related to the circulating renin-angiotensin system (RAS) in experimental animal models and humans; however, corresponding local bone data remain limited. The present study examined whether 1,25-dihydroxyvitamin D 3 supplementation altered local bone RAS elements in a murine model of glucocorticoid-induced osteoporosis (GIOP). A total of 36 8-week-old mice were randomized into three equal-sized groups: The sham, GIOP and 1,25-dihydroxyvitamin D 3 treatment groups. After 12 weeks, the cancellous bone microstructure of the third lumbar vertebra and left femur from the mice from each group were examined using micro-computed tomography. To access the impact of glucocorticoid use, the effect of 1,25-dihydroxyvitamin D 3 on cancellous bone microstructure, the expression of bone turnover markers, circulation and expression of the main RAS components was assessed. Results demonstrated that bone volume fraction, trabecular number and trabecular thickness of the treatment and sham groups were significantly higher than the GIOP group (P<0.05). Furthermore, the structure model index, trabecular separation and bone surface to bone volume ratio of the sham and treatment groups were significantly reduced compared with the GIOP group (P<0.05). All assessed parameters exhibited no significant differences between the treatment and sham groups. mRNA expression levels of local bone angiotensin type 1 and 2 receptors and receptor activator of nuclear factor-κB ligand were significantly lower in the treatment group than in the GIOP group (P<0.05); however, there were no significant differences in circulating protein levels between the groups (P>0.05). In conclusion, 1,25-dihydroxyvitamin D 3 may modulate bone metabolism by downregulating the local bone RAS in mice with GIOP.
Introduction
Glucocorticoid-induced osteoporosis (GIOP) is a common syndrome that may be a complication of immunosuppressive glucocorticoid (GC) therapy following organ transplantation or inflammatory disease (1, 2) . Dysfunctional bone metabolism is key in the pathogenesis of GIOP (3, 4) . It has been suggested that the renin-angiotensin system (RAS) regulates blood pressure and electrolyte homeostasis systemically (5) . Local tissue-specific RASs have also been identified in various organs (6) . A local RAS in bone, closely related to bone metabolism, has been defined previously (6) . Research has demonstrated that angiotensin (Ang) II suppressed osteoblastic cell differentiation and bone formation by binding specifically to the Ang type 1 receptor (AT1R) in vitro (7) . Both Ang I and II have been identified to stimulate osteoclastogenesis in osteoblast and osteoclast co-cultures, which was inhibited by treatment with an Ang-converting enzyme (ACE) inhibitor (8) . This finding suggests that ACE converts Ang I to Ang II within osteoblasts or osteoclasts. A study by Liu et al (9) demonstrated that captopril dose-dependently inhibited ACE and subsequently increased the secretion of alkaline phosphatase and the mRNA expression level of collagen I in rat osteoblasts. Further research has indicated that Ang II promotes the differentiation and activation of osteoclasts indirectly by upregulating the receptor activator of nuclear factor-κB ligand (RANKL) in osteoblasts (10, 11) . In conclusion, these results indicate that a local RAS exists in bone that is associated with bone metabolism disorders characterized by reduced osteoblastic and enhanced osteoclastic activity.
The active metabolite of vitamin D, 1,25-dihydroxyvitamin D 3 [1, 25(OH) 2 D 3 ] , and the vitamin D receptor (VDR) are important for normal biological activity in the body. Increased levels of RAS components are observed in the blood, heart, kidney and bone tissue in VDR or CYP2781 knockout mice (12) . This is predominantly due to inhibition of the formation of 1,25(OH) 2 D 3 or inhibition of its biological effects (12) (13) (14) . Therefore, 1,25(OH) 2 D 3 is considered to be an important negative regulator of RAS, most likely via the inhibition of renin gene transcription (15, 16) . Furthermore, research involving VDR knockout mice and in vitro models has indicated that RAS activity may be directly inhibited through the vitamin D signaling pathway (17) .
The present study investigated the effects of 1,25(OH) 2 D 3 on the systemic and local bone RAS using a murine model of GIOP. Specifically, the ability of 1,25(OH) 2 D 3 to improve the abnormalities in bone metabolism, associated with GIOP, by inhibiting RAS activity was examined.
Materials and methods
Ethics statement. All animal experiments were conducted in accordance with the recommendations of the Huazhong University of Science and Technology (Wuhan, China). The research protocol was approved by the Committee on the Ethics of Animal Experiments of the Huazhong University of Science and Technology.
Animal treatment and grouping. A total of 36 8-week-old specific pathogen-free C57BL/6 male mice (22-26 g in weight) were purchased from and maintained at the Experimental Animal Center of Huazhong University of Science and Technology (certificate no. 0237269; Hubei provincial experimental animal facility permit, SYXK 2010-0057). During the experiment, mice were housed in cages (temperature, 23±1˚C; relative humidity, 50-60%), had free access to food and water and were exposed to a 12-h light/dark cycle (6 a.m. to 6 p.m. darkness). All mice were kept under sterile conditions and provided with disinfected food and water for 1 month. Following this, the mice were randomized into three groups, with 12 mice per group. The groups were as follows: The GIOP; the sham; and the 1,25(OH) 2 D 3 treatment group. Mice in the GIOP and treatment groups received intramuscular injections of dexamethasone (DXM; 3 mg/kg body weight; Chengdu Tiantaishan Pharmaceutical Co., Ltd., Chengdu, China) twice weekly for 12 weeks. The sham group received intramuscular saline injections in the same way as the DXM injections. The treatment group also received 1,25(OH) 2 D 3 , which was produced by R. P. Scherer GmbH & Co. KG (Eberbach, Germany); affiliated to Roche Pharma (Schweiz) Ltd. (Reinach, Switzerland); 0.7 µg/kg body weight) by intragastric gavage (18) . The doses of DXM and 1,25(OH) 2 D 3 were selected based on a dose-response study carried out in a rat model of osteoporosis (18) .
Mice were raised under consistent conditions with free movement. After 12 weeks, blood samples were taken and the animals were sacrificed. The third lumbar vertebra and left femur were immediately removed from each of the animals. Subsequently, muscle and soft tissue were detached from the bone and the bone samples were wrapped in saline-soaked gauze for further analysis.
Micro-computed tomography (CT) imaging.
Imaging of the trabecular microstructure and three-dimensional (3D) imaging of the third lumbar vertebra and left femur were analyzed using micro-CT (µCT20; Scanco Medical, Bassersdorf, Switzerland), as previously described (19, 20) . Scans of bone samples were made along the longitudinal axis of the specimen. Scan parameters were as follows: 90 kV, 88 µA, 2˚ rotation step and a 360˚ rotation angle. Consecutive micro-CT scans were captured, including 100 lumbar vertebral slices and 250 left femur slices, at 14-µm thickness. The image size was 1,024x1,024 pixels. Image reconstruction was performed using a virtual machine system (Image Processing Language v. 5.0A; Scanco Medical) in cluster configuration with a voxel size of 14x14x14 µm (18) . In order to obtain the original 3D images of the samples, a threshold value of 180 was used to binarize the spongiosa and bone marrow (20) . A fixed threshold was used to determine the trabecular bone. Based on the consecutive slices, hand-drawn contours were used to isolate the metaphyseal region of interest and trabecular compartments. Bone micro-architecture was assessed with direct 3D methods as described previously (20) . Morphometric parameters of the original 3D images were directly determined from the binarized volume of interest (21) . The same explication of other related parameters was followed according to a previous study (20) . The measurement precision was assessed using the coefficient of variation (CV), which was <4%.
Measurement of bone turnover markers and main RAS
components. Blood samples were harvested at the end of the 12-week study period, centrifuged for 15 min at 1,000 x g at 2-8˚C and stored at -70˚C. Parameters for the test included serum calcium, inorganic phosphorous, and alkaline phosphatase, which were assessed by standard laboratory techniques (Roche Diagnostics GmbH, Germany). Bone turnover markers 1,25(OH) 2 D 3 , β-Crosslaps (β-CTX) and total N-terminal propeptide of type I procollagen (T-PINP) were measured using Cobas E411C kits (Roche Diagnostics GmbH) at the same central biochemical laboratory using an automated Roche electrochemiluminescence system (Roche Diagnostics GmbH). The main RAS components (ACE and Ang II) were measured using kits (Abcam, Cambridge, UK; catalog nos. ab155452 and ab47831). Intra-assay and inter-assay CVs of the biochemical parameters, bone turnover markers and main RAS components were <3%.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from lumbar vertebrae using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). After treatment with DNase I (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) to remove genomic DNA, cDNA was generated using a RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific, Inc.). The following mixture was prepared for the RT step: 9.0 µl H 2 O, 4.0 µl buffer (5X), 1.0 µl oligo (dT15), 2.0 µl target RNA solution, 2.0 µl dNTPs (10 mM), 1.0 µl RNase inhibitor and 1.0 µl reverse transcriptase, giving a total reaction volume of 20 µl. The reaction conditions for cDNA synthesis included incubation of tubes at 42˚C for 30 min followed by heat inactivation at 70˚C for 15 min. mRNA expression levels of ACE, Ang II, AT1R, Ang type 2 receptor (AT2R), osteoprotegerin (OPG) and RANKL were measured using a qPCR kit [FastStart Universal SYBR-Green 1 PCR master mix (Rox); Roche Diagnostics, Indianapolis, IN, USA] and the gene-specific primers demonstrated in Table I . The qPCR reaction mixture consisted of a total reaction volume of 20 µl that contained 2.9 µl H 2 O, 1.0 µl cDNA sample, 5.0 µl 10X buffer, 7.0 µl 25 mM MgCl 2 , 1.0 µl 10 mM dNTPs, 0.8 µl forward primer (20 pmol/ml), 0.8 ml reverse primer (20 pmol/ml), 1.0 µl SYBR-Green and 0.5 µl Taq (5 U/ml) (22) . A real-time PCR system (ABI7300; Applied Biosystems; Thermo Fisher Scientific, Inc.) was used to run the following cycling conditions: 95˚C for 10 min; followed by 40 cycles at 95-60˚C for 15 sec, and the final extension at 60˚C for 5 min. Relative expression levels were normalized to the internal control β-actin according to the 2 -∆∆Cq method and three repeats were performed (22) (23) (24) (25) .
Immunohistochemistry. Immunohistochemical staining was performed using DAB kits (Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China). Briefly, tissue sections were immersed in xylene and rehydrated in a graded alcohol series and water for deparaffinization. The staining was blocked in 3% H 2 O 2 in methanol for 5 min to quench endogenous peroxidase activity. Subsequently, slides were incubated with primary anti-Ang II (1:50; sc-20718; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), and anti-ACE (ab11734; 1:100), anti-AT1R (ab92486; 1:1,000) and anti-AT2R antibodies (ab108252; 1:1,000) (all from Abcam, Cambridge, UK) overnight at 4˚C. Following this, slides were incubated with secondary goat antibody (ab191866; 1:1,000; Abcam) and horseradish peroxidase-labeled streptavidin (Wuhan Boster Biological Technology, Ltd., Wuhan, China; catalog no., BA1088) for 1 h at 4˚C (22) . Subsequently, antibody binding was visualized using DAB-H 2 O 2 solution. Stained tissues were mounted, following hematoxylin staining, and viewed under a light microscope (magnification, x400; Olympus Corp., Tokyo, Japan). Cells were counted as previously described (22) . The anti-ACE, -Ang II, -AT1R and -AT2R labeling indices were calculated using the following formula: ACE labeling index = number of ACE-positive cells/total number of cells per high power field x 100 (22) .
Cells were differentiated according to their morphological characteristics and one pathologist analyzed all samples. Osteoblasts were cuboidal mononuclear cells, attached to the bone matrix surface and lined the surface of trabecular bone. Osteoclasts were multinucleated cells. Osteocytes were mononuclear cells filling the bone lacunae of the trabecular. All cells in the bone marrow were defined as bone marrow cells, regardless of cell type (22) .
Statistical analysis. Statistical analysis was performed using SPSS v.13.0 software (SPSS, Inc., Chicago, IL, USA). Kruskal-Wallis tests, analysis of variance and Tukey's multiple comparison tests were used to determine whether significant differences existed between the groups. Data were presented as the mean ± standard deviation, unless otherwise stated. P<0.05 was considered to indicate a statistically significant difference.
Results
Survival outcomes, effects on body weight and serum biochemical parameters. One mouse in the GIOP group died due to a bite from another mouse. All other mice survived until they were sacrificed. The final body weight of mice was significantly lower in the sham and treatment groups than those in the GIOP group (both P<0.05; Table II ). Serum calcium concentration and 1,25(OH) 2 D 3 level were significantly higher in the sham and treatment groups compared with the GIOP group (both P<0.05; Table II ). The serum alkaline phosphatase level was significantly lower in the sham and treatment groups than that in the GIOP group (both P<0.05; Table II) . No significant difference was observed in the serum phosphorous levels among the three groups (Table II) .
Comparison of 3D micro-CT imaging parameters. 3D reconstruction of the third lumbar vertebra samples indicated markedly attenuated bone density, severely impaired bone micro-architecture, thinner and reduced-density trabeculae and reduced connectivity in the GIOP group compared with those in the sham group (Fig. 1) . Rod-like trabeculae outnumbered plate-like structures and larger inter-trabecular spaces were observed in the GIOP group compared with the sham group (Fig. 1) . Additionally, bone volume/total tissue volume, trabecular number and trabecular thickness decreased significantly and structure model index, trabecular spacing and bone surface to bone volume ratio increased significantly in the GIOP group compared with sham group (all P<0.05; Fig. 1 ). These results indicate that the experimental model was effective.
The third lumbar vertebra and femur bone structure was markedly improved in both the treatment and sham groups compared with the GIOP group. This superiority was demonstrated by a large number of parallel trabeculae arranged in the same direction, lower porosity and a significantly increased bone volume/total tissue volume, trabecular number and trabecular thickness compared with those in the GIOP group (all P<0.05; Figs. 1 and 2) . However, the structure model index, trabecular spacing and bone surface to bone volume ratio were significantly lower in the control group than in the GIOP group (all P<0.05; Figs. 1 and 2) .
Expression of bone turnover markers, major RAS components, OPG and RANKL in the circulating and local mRNA
and/or protein. Expression levels of bone turnover markers, β-CTX and T-PINP, in the treatment and sham groups were significantly lower than those in the GIOP group (P<0.05; Fig. 3) . No significant differences were detected between the treatment and sham groups (Fig. 3) . Additionally, there were .05 vs. the GIOP group. CT, computed tomography; GIOP, glucocorticoid-induced osteoporosis; BV, bone volume; TV, total tissue volume; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular spacing; SMI, structure model index; BV/TV, bone volume to total tissue volume ratio (bone volume fraction); BS/BV, bone surface to bone volume ratio. no significant differences in circulating levels of ACE and Ang II among the three groups (P>0.05; Fig. 3 ).
In the lumbar vertebrae, mRNA expression levels of AT1R, AT2R and RANKL and the RANKL/OPG ratio were significantly higher in the GIOP group than in the sham group (P<0.05; Fig. 3 ). However, compared with the GIOP group, the mRNA expression levels of AT2R and RANKL and the RANKL/OPG ratio in lumbar vertebrae were significantly lower in the treatment group (P<0.05; Fig. 3 ). Furthermore, immunohistochemical staining revealed that AT1R and ACE were expressed in osteoblasts, osteoclasts and bone marrow cells; however, they were not expressed in osteocytes (Fig. 4) .
Discussion
The present study demonstrated that the bone conversion index, represented by β-CTX and T-PINP levels, in GIOP mice was significantly higher than in the sham group, indicating that the GIOP mice were exhibiting high bone turnover, which leads to bone loss. The results of micro-CT imaging and immunohistochemical staining demonstrated the therapeutic effect of 1,25(OH) 2 D 3 in a murine model of GIOP (26) .
It has previously been reported that an absence of vitamin D signaling in mice lacking the VDR gene resulted in an increase in renin gene expression and circulating Ang II levels (27) . However, in the present study, the lack of an increase in Ang II concentration and ACE activity in the circulatory system with 1,25(OH) 2 D 3 treatment suggests that the dose of 1,25(OH) 2 D 3 used did not influence the circulatory systemic RAS. This may be due to the homeostatic regulation of 1,25(OH) 2 D 3 levels, which caused individuals to exhibit the same normal range of 1,25(OH) 2 D 3 in the treatment group and GIOP group. Notably, in the present study, the Ang II concentration and ACE activity in the circulatory system were not significantly different between the GIOP and sham groups. Previous research has reported that feeding cholesterol to rabbits increased local tissue, while not serum, ACE activity (27) . This difference between the local tissue and the systemic RAS may be a consequence of a greater stability of systemic RAS following exogenous stimulation.
Analysis of bone immunohistochemistry and biochemical markers suggested that GIOP predominantly inhibited bone formation and enhanced bone resorption in the present study. This finding is supported by previous studies (28, 29) . The present study demonstrated that high bone turnover increased the RANKL/OPG ratio, followed by activation of the local bone RAS, which is supported by previous research (22) . Additionally, the present study indicated that GIOP increased osteoclast number and activity. Many studies have indicated that Ang II is a potent stimulator of osteoclastic bone resorption (30) (31) (32) (33) (34) . Ang II also promotes osteoclast differentiation and activation indirectly by binding to different osteoblast receptors whilst upregulating RANKL expression (22) . A study by Shimizu et al (10) demonstrated that Ang II induced RANKL expression directly in osteoblasts by activating AT1R, which may explain why AT1R inhibitors reduce fracture risk in older adults (35) (36) (37) (38) . Nevertheless, previous research has revealed that Ang II induces RANKL expression via AT2R (11) . Overall, these results are consistent with the finding that the bone conversion index in GIOP mice was higher than that in control mice in the present study.
A study by Zhang et al (39) reported that vitamin D was able to inhibit RAS activity in the kidney, improve renal function and prevent the occurrence of nephritis and fibrosis in mice caused by long-term hyperglycemia or unilateral ureteral obstruction. In the present study, 1,25(OH) 2 D 3 treatment improved the quality of cancellous bone in GIOP mice by inhibiting local RAS activity in bone tissue through a reduction in the generation of Ang II, thus downregulating the expression of osteoclast factors that may reduce bone resorption activity. A previous study provided evidence that local RAS is related to bone mineral density in GIOP patients (22) .
One strength of the present study was that it utilized murine bone tissue and micro-CT to detect changes. However, a limitation was that the measurement of aldosterone was not performed, which is associated with the renin-angiotensin-aldosterone system. Nevertheless, the present study raises some important questions, such as whether 1,25(OH) 2 D 3 increased bone mineral density by inhibiting the local RAS and modulating the RANKL/OPG ratio in bone. Results of the present study should therefore trigger future clinical research to investigate these relationships further.
In conclusion, 1,25(OH) 2 D 3 treatment may improve skeletal complications resulting from GC therapy. To the best of our knowledge, this is the first study on the efficacy of 1,25(OH) 2 D 3 for maintaining healthy bones by influencing the RAS in local bone tissue, suggesting a novel angle for the understanding of the mechanisms involved in the protection of bone by 1,25(OH) 2 D 3 . Figure 4 . Immunohistochemical staining of ACE, Ang II, AT1R and AT2R in the three groups (magnification, x200). ACE, Ang II, AT1R and AT2R were expressed in osteoclasts (white arrows), osteoblasts (red arrows) and bone marrow cells (black arrows); however, they were not expressed in osteocytes (blue arrows) in lumbar vertebrae. ACE, angiotensin-converting enzyme; Ang II, angiotensin II; AT1R, angiotensin type 1 receptor; AT2R, angiotensin type 2 receptor; GIOP, glucocorticoid-induced osteoporosis; BM, bone marrow; TB, trabecular bone.
